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Previous work in this laboratory has shown that endoderm cells in the heart forming region (HFR endoderm) of the chicken
embryo induce terminal cardiac differentiation in explanted precardiac mesoderm cells. Immunostaining patterns indicating
that HFR endoderm cells express Drosophila decapentaplegic (dpp)-like antigens prompted a degenerate polymerase chain
reaction (PCR) screen to identify cDNAs in the dpp subgroup of the transforming growth factor-b (TGF-b) family. Among
50 clones of PCR products that have been sequenced, over half have identity with bone morphogenetic protein-2 (BMP-
2). No other TGF-b cDNAs have been detected, suggesting that BMP-2 is the major dpp subgroup protein synthesized by
HFR endoderm cells. However, BMP-2 protein did not promote survival of either precardiac or non-precardiac mesoderm
cells in culture. Whereas FGF-4 supports cardiogenesis in precardiac mesoderm, it did not induce cardiogenesis in non-
precardiac mesoderm, although explant viability was maintained. In contrast to the isolated effects of these growth factors,
treatment of non-precardiac mesoderm with combined BMP-2 and FGF-4 induced cardiogenesis in the majority of explants,
as revealed by the formation of a rhythmically contractile multicellular vesicle that expresses sarcomeric a-actin. These
®ndings suggest that BMP-2 and FGF-4 possess respective differentiative and proliferative activities, the combination of
which speci®es cells to the cardiac lineage. q 1996 Academic Press, Inc.
INTRODUCTION HFR endoderm on precardiac mesoderm (Sugi and Lough,
1995; Zhu et al., submitted for publication).
We have shown that anterior lateral plate endoderm from Because immunostaining to detect additional TGF-b fam-
the heart forming region (HFR) of stage 6 chicken embryos ily growth factors in HFR endoderm revealed a provocative
is speci®c in its ability to induce cardiogenesis in explanted expression pattern for Drosophila decapentaplegic (dpp)-like
precardiac mesoderm, a process highlighted by the forma- proteins, we performed a degenerate reverse transcription/
tion of a multilayered vesicle of rhythmically contractile polymerase chain reaction (RT/PCR) screen to identify verte-
cells that express sarcomeric a-actin (Sugi and Lough, 1994). brate dpp-like factors that are expressed by these cells.
Our major objective is to identify and characterize cardio- Among more than 50 PCR products sequenced to date, over
genic growth factors that are manufactured by HFR endo- half are identical to bone morphogenetic protein-2 (BMP-2).
derm. We recently reported that endoderm-associated fac- Thus, we have investigated whether BMP-2 mimics the
tors, including members of the ®broblast growth factor cardiogenic effects of HFR endoderm on precardiac meso-
(FGFs 1, 2, and 4) and transforming growth factor-b (TGF- derm, as well as its ability to respecify non-precardiac meso-
b) families (activin A), can mimic the cardiogenic effects of derm to the cardiac lineage. We report here that, when pres-
ent as the only supplement in de®ned medium, BMP-2 can-
not support viability of either precardiac or non-precardiac1 Current address: Department of Cell Biology and Anatomy,
mesoderm. And, whereas FGF-4 can support cardiogenesisMedical University of South Carolina, 171 Ashley Avenue,
Charleston, South Carolina 29465. in precardiac mesoderm, this factor did not induce cardio-
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FIG. 1. Immunohistochemical localization of dpp-like antigens in HFR endoderm and precardiac mesoderm. Explants were cultured for
40 hr and immunostained as described under Materials and Methods. Note the intensely staining deposits of dpp-like antigens which
circumscribe the HFR endoderm cells (a), which were not observed in precardiac mesoderm (b) or in endoderm reacted with normal rabbit
serum (not shown). Scale bar, 10 mm.
genesis in non-precardiac mesoderm, although explant RT/PCR
growth was maintained. Remarkably, however, treatment
RNA from microdissected stage 6 HFR endoderm was puri®ed,of non-precardiac mesoderm with combined FGF-4 and with 5 mg linear polyacrylamide as carrier, using RNAstat (Tel-Test,
BMP-2 induced cardiogenesis in a high incidence of ex- Inc.). Complementary DNA was synthesized by M-MLV reverse
plants, indicating that this combination of growth factors transcriptase-mediated extension of oligo(dT)-primed RNA. To en-
is able to respecify embryonic cells to the cardiac lineage. sure the absence of contaminating genomic DNA, non-reverse-
transcribed RNA was simultaneously processed. Degenerate prim-
ers were designed to recognize conserved domains in the TGF-b
dpp subfamily. The upstream primer was 5*-TGGAATTCGGIT-
MATERIALS AND METHODS GGVAIGAYTGGAT-3* (96-fold degenerate); the reverse comple-
ment of the downstream target was 5*-GAGGATCCGGIACRC-
ARCAIGCYTT-3* (128-fold degenerate). Complementary DNAsExplantation and Culture of Embryonic Mesoderm
were ampli®ed using Thermus aquaticus (Taq) DNA polymerase
(Promega) with 40 cycles of denaturation (947C, 1 min), primerChicken embryos were staged according to the criteria of Ham-
annealing (457C, 1.5 min), and extension (727C, 2 min). Comple-burger and Hamilton (1951). Anterior lateral plate precardiac meso-
mentary DNAs in the predicted 200-bp product were cloned intoderm, and non-precardiac mesoderm from the posterior half of stage
pCRScript (Stratagene). Identity of cloned inserts was determined6 embryos, was micro-dissected, explanted to Lab-Tek chamber
by sequencing and comparison with the GenBank/EMBO database.slides and cultured in M199 as previously described (Sugi and
Lough, 1994, 1995). Growth factors were added to the indicated
®nal concentrations after explants attached to the ®bronectin sub-
strate. Human recombinant FGF-4 was purchased from R&D Sys- RESULTS
tems. Human recombinant BMP-2 was provided by the Genetics
Institute (Cambridge, MA). Medium, including growth factors, was
Immunohistochemical Localization of DPP-likechanged daily.
Protein in HFR Endoderm
To ascertain whether Drosophila dpp-like proteins were
Immunohistochemistry associated with HFR endoderm, the anti-dpp immunostain-
ing pattern of cultured HFR endoderm was determined inBiochemical differentiation was monitored by immunohisto-
comparison with explanted precardiac mesoderm. The pe-chemistry, using a monoclonal antibody that recognizes sarcomeric
riphery of HFR endoderm cells exhibited intense staininga-actin (Sigma, Cat. No. A-2172); the secondary antibody was ¯uo-
(Fig. 1a), which was not observed in precardiac mesodermrescent isothiocyanate (FITC)-labeled goat anti-mouse IgM (Cap-
(Fig. 1b) or in control explants (not shown) stained withpel). Decapentaplegic-like protein was localized using a polyclonal
antibody (1:1,000) provided by Dr. F. Michael Hoffmann (University normal rabbit serum.
of Wisconsin; Panganiban et al., 1990) that recognizes Drosophila
decapentaplegic. Controls consisted of identically diluted normal
rabbit serum which was used as the primary antibody, and omission RT/PCR Demonstration of BMP-2 in HFR
of the primary antibody. The secondary antibody was FITC-conju- Endoderm
gated goat anti-rabbit IgG (1:500). All immunohistochemical proce-
Because dpp is 75% homologous with BMPs 2 and 4, itdures, including determinations of 5*-bromodeoxyuridine incorpo-
ration, have been previously described (Sugi and Lough, 1995). was considered that the antigens detected in Fig. 1 repre-
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the remaining, cloned cDNAs exhibited sequences that
were similar to each other, these are not homologous to
any database entries. These ®ndings suggest that BMP-2 is
the major member of the dpp group that is expressed by
HFR endoderm.
BMP-2 and FGF-4 Induce Cardiogenesis in Non-
Precardiac Mesoderm
Based on these results, it was of interest to determine
whether BMP-2, when present alone in de®ned medium,
could emulate the cardiogenic effect of HFR endoderm on
precardiac mesoderm. Unlike FGFs (Sugi and Lough, 1995;
Zhu et al., submitted for publication), BMP-2 supported nei-
ther survival nor differentiation of precardiac mesoderm
(not shown). However, as anticipated, inclusion of FGF-4
with BMP-2 triggered terminal cardiogenesis in precardiac
mesoderm (Figs. 3G and 3H).
As shown in Fig. 2A, similar determinations were per-
formed on non-precardiac mesoderm explanted from the
posterior region of stage 6 embryos. Cells in this area are
destined to become extraembryonic mesoderm and lateral
plate mesoderm that is not cardiogenic (review: Nicolet,
1971). As shown in Fig. 2B, neither FGF-4 nor BMP-2 alone
could induce formation of contractile explants in non-pre-
cardiac mesoderm. Cells cultured with BMP-2 alone de-
tached from the culture dish and did not survive; and, al-
though treatment with FGF-4 alone supported cellular
proliferation as evidenced by 5*-bromodeoxyuridine incor-
poration (Fig. 3F), differentiation was never observed (Figs.
2B and 3E). Remarkably, however, the combined presence
FIG. 2. Incidence of cardiogenesis in non-precardiac mesoderm of FGF-4 and BMP-2 caused cardiogenic differentiation in
treated with BMP-2 and FGF-4. Non-precardiac mesoderm was ex- over half of the non-precardiac mesoderm explants (Fig. 2B),
planted from the posterior half of stage 6 embryos and cultured in
as indicated by formation of a multicellular vesicle (Fig. 3A)the presence of FGF-4 and/or BMP-2 at the indicated concentra-
which exhibited rhythmic contractility and sarcomeric a-tions. Whereas neither FGF-4 nor BMP-2 alone induced cardiogenic
actin differentiation (Fig. 3B). Because differentiation ofdifferentiation in any explant, the majority of explants treated with
non-precardiac mesoderm was not usually observed untilboth growth factors exhibited cellular multilayering and rhythmic
the second day in vitro (Fig. 2B), in contrast to precardiaccontractility within 1 or 2 days. Numbers in parentheses indicate
experimental repetitions that were conducted during the aggregate mesoderm in which differentiation is observed on Day 1
of ®ve experiments, each of which included approximately ®ve (not shown), the occurrence of a respeci®cation step in non-
replicate explants; the incidence of differentiation (40±60%) was precardiac mesoderm explants is suggested. These ®ndings
similar within each experimental repetition. indicate that these growth factors synergistically function
to induce cardiogenesis in cells that are not fated to the
cardiac lineage.
sented these factors or perhaps other members of the TGF-
b dpp subgroup. To identify dpp mRNAs that are expressed
by HFR endoderm, a RT/PCR screen was performed using DISCUSSION
degenerate primers targeted to conserved domains in this
subgroup. A single 200-bp PCR product, which was the pre- In addition to verifying our previous ®ndings that HFR
endoderm is speci®c in its ability to induce terminal differ-dicted size for dpp cDNAs, was cloned and sequenced to
identify individual dpp-like factors that are expressed by entiation (Sugi and Lough, 1994), Schultheiss et al. (1995)
also reported that HFR endoderm is capable of respecifyingHFR endoderm. Among approximately 50 cDNAs se-
quenced to date, more than half were identical to BMP-2 embryonic cells to the cardiogenic lineage. Regarding the
latter, our observation that HFR endoderm was unable toover a 162-base stretch corresponding to nucleotides 800±
962 of the chicken homologue (Francis et al., 1994), a do- respecify posterior non-precardiac mesoderm (Sugi and
Lough, 1994) apparently re¯ected inadequate local concen-main speci®ed by the primers. No other known or novel
member of the dpp subgroup has been identi®ed. Although trations of endodermal factors, caused by placing the ex-
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FIG. 3. Immunohistochemical assessment of sarcomeric a-actin differentiation and cellular proliferation in non-precardiac mesoderm.
Non-precardiac (A±F) mesoderm was microdissected from stage 6 embryos and explanted in de®ned medium supplemented with the
indicated growth factors, using concentrations indicated in Fig. 2. For comparison, differentiation of similarly treated precardiac mesoderm
is shown in G and H. (A, D, and G) Phase-contrast micrographs. (B, E, and H) Explants that were cultured for 2 days and immunostained
for sarcomeric a-actin. (C and F) Explants that were provided with 5 mM 5*-bromodeoxyuridine (BrdU) during the last 2 hr of culture on
Day 2 and immunostained. Results from a typical experiment are shown. Bar in F, 25 mm; all other panels show images that are magni®ed
as indicated by the bar in H (50 mm).
plants at opposite sides of the culture dish rather than in with ``differentiation'' factors such as BMP-2 may be re-
quired to induce cardiac myocyte differentiation. In thiscontiguity. The ®ndings reported herein that the combined
activities of BMP-2 and FGF-4, both of which are expressed interpretation, our observations that isolated precardiac
mesoderm can differentiate in culture with FGF alone sug-in HFR endoderm, induce cardiogenesis in non-precardiac
mesoderm are consistent with the ability of HFR endoderm gests that these cells had been signaled by BMP-2 prior to
explantation from the embryo. Although cooperativity be-to respecify cells to the cardiogenic lineage.
We previously determined that HFR endoderm expresses tween activin and FGFs has been shown to regulate meso-
derm induction (Cornell and Kimelman, 1994; LaBonne andthree members of the FGF family (FGFs 1, 2, and 4), each
of which supports differentiation of precardiac mesoderm Williams, 1994) in Xenopus, our preliminary ®ndings indi-
cate that activin cannot replace BMP-2 in supporting the(Sugi and Lough, 1995; Zhu et al., submitted for publica-
tion). Moreover, experiments utilizing sodium chlorate to differentiation of non-precardiac mesoderm. And, although
FGF-4 and BMP-2 are expressed in the apical ectodermalspeci®cally prevent binding of FGF to cognate receptors
have indicated that FGF signaling is obligatory for endo- ridge of the mouse limb bud to respectively stimulate and
inhibit limb growth (Niswander and Martin, 1993), BMP-derm-mediated cardiogenesis (unpublished observations).
However, because the major role of FGF is apparently to 2's inhibitory effect on growth could be considered a conse-
quence of its differentiative function. Finally, the possibil-regulate precardiac mesoderm proliferation, cooperation
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stricted primarily to muscle cell lineages is required for alpha-ity that the BMPs have differentiative potency has recently
actin gene transcription. Dev. Biol., in press.been reported by Pourquie et al. (1995), who demonstrated
Croissant, J., Majesky, M., and Schwartz, R. J. (1996b). Transcrip-that BMP-4 speci®es myotome cells to the skeletal myocyte
tional regulation of striated muscle-speci®c actin genes: Role oflineage (Pourquie et al., 1995).
serum response factor and murine Tinman homolog Nkx-2.5.
It will be of interest to identify cooperative intracellular Dev. Genet., in press.
events that are transduced by this growth factor combina- Francis, P. H., Richardson, M. K., Brickell, P. M., and Tickle, C.
tion. For example, a relationship between FGF signaling and (1994). Bone morphogenetic proteins and a signalling pathway
up-regulation of serum response factor (SRF), a transcription that controls patterning in the developing chick limb. Develop-
factor whose expression is restricted to the embryonic heart ment 120, 209±218.
Frasch, M. (1995). Induction of visceral and cardiac mesoderm byat early stages of development (Croissant et al., 1996a) and
ectodermal dpp in the early Drosophila embryo. Nature 374,which activates selected cardiac-speci®c genes, has been
464±467.reported (Moss et al., 1994). Similarly, a relationship be-
Hamburger, V., and Hamilton, H. L. (1951). A series of normaltween dpp signaling and up-regulation of tinman, a homeo-
stages in the development of the chick embryo. J. Morphol. 38,
domain transcription factor which anatomically de®nes the 49±92.
site of Drosophila heart formation, was recently reported LaBonne, C., and Whitman, M. (1994). Mesoderm induction by
(Frasch, 1995). These ®ndings are compelling in view of activin requires FGF-mediated intracellular signals. Develop-
recent ®ndings indicating that SRF and Nkx-2.5 (tinman) ment 120, 463±472.
Moss, J. B., McQuinn, T. C., and Schwartz, R. J. (1994). The aviansynergistically promote manifold expression of the cardiac
cardiac alpha-actin promoter is regulated through a pair of com-a-actin gene (Croissant et al., 1996b). The identi®cation of
plex elements composed of E boxes and serum response elementstranscription factors that are up-regulated in response to
that bind both positive- and negative-binding factors. J. Biol.BMP-2/FGF-4 treatment in non-precardiac mesoderm cells
Chem. 269, 12731±12740.will be of considerable interest. Nicolet, G. (1971). Avian gastrulation. Adv. Morphog. 9, 231±262.
[Review]
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